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Extracellular matrix as a determinant of signaling responses EXTRACELLULAR MATRIX FACILITATES
in glomerular epithelial cells. Glomerular epithelial cell prolif- GROWTH FACTOR-DEPENDENT
eration occurs in renal diseases such as membranous nephropa- PROLIFERATION AND RECEPTOR TYROSINEthy and crescentic glomerulonephritis. To understand the
KINASE ACTIVATIONgrowth factors responsible for the proliferative response and
inflammation of these cells, we have examined the effects of Epidermal growth factor (EGF) stimulates cell prolifer-
extracellular matrix on the regulation of glomerular epithelial ation through binding to a cell surface receptor (EGF-R)cell proliferation and phospholipid turnover, as well as the
that possesses intrinsic tyrosine kinase activity. Bindingpathophysiological consequences of this intricate process.
of EGF results in activation of the cytoplasmic tyrosine
kinase, receptor autophosphorylation, and phosphoryla-
The adhesion of cells to extracellular matrix (ECM) tion of substrate proteins [9]. The signal is then transmitted
may modulate proliferative responses to polypeptide to nuclear or cytoplasmic effectors, at least in part through
growth factors and maintain differentiated functions and p21Ras (Ras) and a series of serine/threonine protein ki-
cell architecture [1–3]. Interactions of cells with ECM are nases, collectively known as the mitogen-activated pro-
mediated by adhesion molecules, including b1 integrins, a tein (MAP) kinase pathway [9]. Rat GECs were able to
heterodimeric family of transmembrane molecules con- proliferate when adherent to type I collagen gels and
sisting of a and b subunits [3]. Adhesion molecules can cultured with EGF (Fig. 1A). In contrast, GECs adherent
also relay signals from ECM into cells by regulating cy- to the plastic substratum did not proliferate, despite the
toskeletal organization, interacting with protein kinases, presence of EGF [6, 8]. Collagen-adherent GECs did
or through other mechanisms [1–3]. To better understand not proliferate in the absence of EGF, indicating that
the function of glomerular epithelial cells (GECs) in collagen by itself had no mitogenic activity (Fig. 1A). By
health and disease, we have studied the effects of ECM
analogy, EGF increased DNA synthesis ([3H]-thymidine
on proliferation and phospholipid turnover in cultured
incorporation) in GECs adherent to collagen, but notrat GECs. The mature kidney contains two types of GECs,
plastic. In addition, collagen IV, but not laminin, sup-visceral and parietal, both of which are of common em-
ported DNA synthesis in GECs, and the effect of collagenbryological origin and are in contact with ECM [4, 5].
IV was comparable in magnitude to collagen I [6].In normal kidneys, there appears to be little turnover of
Incubation of collagen-adherent GECs with EGF (atGECs, but expansion of ECM and proliferation of pari-
378C) induced EGF-R tyrosine autophosphorylation,etal and possibly visceral GECs may occur as a result
which reflects activation (Fig. 1B) [8]. Autophosphoryla-of injury, for example, in crescentic glomerulonephritis,
tion was evident after 10 minutes of incubation, wasfocal segmental sclerosis, malignant hypertension, and
enhanced significantly after 30 minutes, and persistedexperimental membranous nephropathy [4, 5]. Using pri-
for several hours. In plastic-adherent GECs, EGF (378C)mary rat GECs in culture, we have shown that adhesion
produced an early upward trend in EGF-R autophos-to ECM triggers signals that regulate proliferation [6–8].
phorylation, but by 30 minutes, autophosphorylation de-
clined toward basal levels (Fig. 1B) [8]. Differences in
EGF-R expression or affinity did not account for differ-
ences in autophosphorylation between substrata. Thus,
the pattern of autophosphorylation suggested that acti-
vation of EGF-R kinase was sustained in collagen-adher-
Key words: adhesion molecules, cell signaling, integrins, proliferation. ent GECs, whereas on plastic, EGF-R kinase was not
activated effectively or was dephosphorylated rapidly. 1999 by the International Society of Nephrology
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phosphorylation (at 378C). Third, GECs on collagen or
plastic were incubated with EGF at 48C to phosphorylate
EGF-R and then at 378C without EGF to allow EGF-R
to dephosphorylate. Substantial loss of EGF-R phospho-
tyrosine was evident in plastic-adherent GECs, whereas
dephosphorylation on collagen was much slower [8]. To-
gether, these results suggest that adhesion to collagen
reduces EGF-R–directed phosphatase activity. Further
studies will be required to characterize phosphotyrosine
phosphatases in GECs, as well as cell surface adhesion
molecules that may potentially regulate the relevant
phosphatases. These findings in GECs are in keeping
with a study that demonstrated that adhesion of human
foreskin fibroblasts to collagen matrices inhibited plate-
let-derived growth factor (PDGF)-stimulated receptor
phosphorylation and proliferation, as compared with fi-
broblasts on plastic substrata [10]. Thus, the activity of
other growth factor receptor tyrosine kinases may also
be regulated by ECM.
To substantiate the conclusion that ECM facilitated
GEC proliferation by enhancing EGF-R activation, it was
necessary to show that this effect was associated with
enhanced “downstream” signaling by EGF-R, that is, acti-
vation of extracellular signal-regulated kinase (ERK)-2
(p42 MAP kinase). EGF stimulated sustained tyrosine
phosphorylation of ERK2, which reflects activation (Fig.
1C), as well as ERK2 activity, in collagen-adherent GECs,
but not in cells on plastic substratum (Fig. 1C) [11]. The
EGF-induced proliferation of GECs on collagen was
completely abolished with PD98059, an inhibitor of the
ERK2 pathway, implying that activation of this pathway
is necessary for proliferation [11]. By analogy to GECs, a
recent study has shown that EGF and PDGF can activate
ERK more efficiently in NIH 3T3 cells adherent to fi-
bronectin, as compared with cells in suspension [12].
Recently, we have shown that similar to EGF, basic
fibroblast growth factor, hepatocyte growth factor, and
thrombin stimulated proliferation of GECs adherent toFig. 1. Extracellular matrix (ECM) facilitates glomerular epithelial cell
(GEC) proliferation (A), EGF-R autophosphorylation (B), and ERK2 collagen matrices, but not plastic substratum. Further-
(p42) phosphorylation (C). (A) GECs were cultured on collagen I gels more, EGF, hepatocyte growth factor, and thrombin ac-
or plastic for three days in serum-poor medium with (1) or without
tivated ERK2 in collagen-adherent GECs, whereas acti-(2) EGF. *P , 0.005 vs. other groups; mean 6 sem of three culture
wells [8]. (B and C) GECs adherent to collagen (C) or plastic (P) were vation was weak in cells on plastic (Note added in proof).
cultured in serum-poor medium for 18 hours and were then incubated Thus, adhesion to ECM can facilitate ERK2 activationwith (1) or without (2) EGF (100 ng/ml) for one hour at 378C. Cell
and proliferation by other mitogens acting via tyrosinelysates were immunoprecipitated (IP) with anti–EGF-R (B) or anti-
ERK antibody (C), and the immunoprecipitates were immunoblotted kinase or nontyrosine kinase receptors. To further exam-
with antiphosphotyrosine (PY) antibody [11]. ine the interaction of ECM with Ras, we transfected
GECs with a constitutively active Ras mutant (V12Ras)
and isolated several clones that stably express V12Ras.
Unlike parental GECs, in clones that express V12Ras atTo verify the latter possibility, we demonstrated that at
low or moderate levels, EGF was able to induce prolifer-48C (a temperature at which phosphotyrosine phospha-
ation and activate ERK2 when these cells were adherenttase activity is inhibited), autophosphorylation was stim-
to plastic, although the highest level of V12Ras expressionulated equally in collagen- and plastic-adherent GECs.
led to the loss of anchorage and growth factor depen-Second, after treatment of GECs on plastic with a phos-
phatase inhibitor, EGF induced significant EGF-R auto- dence (Note added in proof). The V12Ras signals may
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Fig. 2. Effect of extracellular matrix (ECM)
and anti-b1 Fab (A) or IgG (B) on [3H]-1,2-
diacylglycerol ([3H]-DAG) [7]. GECs, la-
beled with [3H]-arachidonic acid, were plated
onto plastic or collagen gels. Medium con-
tained rabbit (Rab) anti-b1 Fab and goat anti-
rabbit IgG (or nonimmune goat IgG). Nonim-
mune rabbit Fab with goat antirabbit IgG or
nonimmune rabbit IgG (at equimolar concen-
trations to Fab) were added to control incuba-
tions (A). (B) Medium contained rabbit anti-
b1 IgG or nonimmune IgG in controls. Lipids
were extracted after two hours of incubation
at 378C, and [3H]-DAG was separated by thin
layer chromatography. Values are mean 6
sem of three to six experiments. (A) *P ,
0.005, collagen (control) vs. plastic; **P ,
0.01, anti-b1 Fab vs. control (collagen). (B)
*P , 0.02 anti-b1 IgG vs. control (collagen).
include activation of phosphatidylinositol 3-kinase, Rho ECM, there appeared to be both enhanced production
and enhanced hydrolysis of inositol phospholipids.family GTPases, and others that affect cytoskeletal re-
Glomerular epithelial cells express a2b1 and a3b1 inte-modeling. Therefore, sustained activation of a pathway(s)
grins [5, 7]. To test the relationship of ECM-dependentdownstream of Ras can supplant signals from ECM that
DAG production to integrin function, we measuredenable GEC proliferation.
DAG in GECs that had been plated into tissue culture
wells coated with collagen gels, in the presence or absence
ADHESION OF GLOMERULAR EPITHELIAL of anti-b1 integrin Fab [7]. The increase in DAG produc-CELLS TO COLLAGEN STIMULATES tion in GEC on collagen substrata was inhibited by ap-
INTEGRIN-MEDIATED TURNOVER OF proximately 40% with rabbit anti-b1 Fab (Fig. 2 A). (In
INOSITOL LIPIDS these experiments anti-b1 Fab did not affect the adhesion
Hydrolysis of inositol phospholipids by phospholipase of GECs to collagen gels.) In contrast to Fab fragments,
C (PLC) leads to the production of important second intact rabbit anti-b1 IgG enhanced the DAG production
messengers, including inositol 1,4,5-trisphosphate (IP3) in cells on collagen (Fig. 2B). Moreover, the inhibition
and 1,2-diacylglycerol (DAG), an endogenous activator of collagen-stimulated DAG production by rabbit anti-
of some isoforms of protein kinase C (PKC) [13]. DAG b1 Fab was reversed when Fab fragments were cross-
production was increased in GECs adherent to collagen linked by antirabbit IgG (Fig. 2A). Because the anti-
gels as compared with plastic substratum (Fig. 2) [6, 7]. body’s effect on DAG production is dependent on cross
These differences were evident as early as two hours linking, the stimulation of DAG following the adhesion
after plating of cells onto substrata and persisted for at of GECs to collagen may be similarly due to cross linking
least 24 hours. The rise in DAG was Ca21 dependent, of integrins by substratum-bound collagen.
but was independent of soluble growth factors in culture Additional studies were performed to characterize
medium. Interestingly, the contact of GECs with ECM ECM-induced inositol lipid metabolism. Synthesis of
proteins was by itself not sufficient to fully stimulate PIP2 occurs through sequential conversion of phosphati-
DAG production [7]. When collagen gels were mechani- dylinositol to phosphatidylinositol-4-phosphate via phos-
cally detached from culture dishes and allowed to float phatidylinositol-4-kinase and of phosphatidylinositol-4-
in culture medium, such that cells remained adherent to phosphate to PIP2 via phosphatidylinositol-4-phosphate
the matrices, DAG production was partially reduced as 5-kinase. The activity of phosphatidylinositol-4-phos-
compared with cells adherent to immobilized collagen phate 5-kinase was significantly greater in GECs adher-
gels, suggesting an interaction of the cytoskeleton with ent to collagen, as compared with plastic, which is in
ECM-induced mechanical forces. The collagen-induced keeping with the greater amount of PIP2 in collagen-
increase in DAG was associated with increases in IP3 adherent cells [14]. The production of IP3 and DAG is
and total inositol phosphates [6, 7, 14]. Furthermore, due to PLC-induced hydrolysis of membrane PIP2. PLC
adhesion to collagen produced a sustained increase in the enzymatic activity and PLC-g1 protein were significantly
mass of phosphatidylinositol-4,5-bisphosphate (PIP2), greater in microsomal membrane fractions of GECs ad-
herent to collagen, as compared with membrane frac-the substrate for PLC [14]. Thus, in GECs adherent to
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tions of cells on plastic [14]. There were, however, no
quantitative differences in cytosolic PLC-g1 between
substrata. Moreover, only the membrane-associated
PLC-g1 in collagen-adherent GECs was tyrosine phos-
phorylated, which correlates with an increase in PLC-g1
catalytic activity. To verify that PLC-g1 can mediate the
ECM-induced hydrolysis of PIP2, we transfected GECs
with PLC-g1 cDNA and produced a subclone that stably
overexpressed PLC-g1. We reasoned that if adhesion to
ECM stimulates PIP2 hydrolysis and if PLC-g1 is an
isoform regulated by ECM, then the ECM-induced pro-
duction of inositol phosphates would be amplified in
GECs that overexpress PLC-g1. In control/parental and
transfected GECs, the adhesion to collagen increased
levels of inositol phosphates above the levels in cells on
Fig. 3. The process of extracellular matrix (ECM) regulation of glo-plastic; however, the increase was significantly greater
merular epithelial cell (GEC) proliferation. Abbreviations are: EGF,
in PLC-g1–transfected GECs [14]. Thus, PLC-g1 is capa- epidermal growth factor; PTPase, phosphotyrosine phosphatase; PLC,
phospholipase C; PIP2, phosphatidylinositol-4,5-bisphosphate; EGF-R,ble of mediating the hydrolysis of PIP2 induced by adhe-
epidermal growth factor-receptor; IP3, 1,4,5-trisphosphate; DAG, 1,2-sion to ECM.
diacylglycerol; PKC, protein kinase C; ERK, extracellular signal-regu-
While the results in GECs are analogous to the work lated kinase.
of McNamee, Ingber, and Schwartz, there are differences
[15]. McNamee et al demonstrated that integrin medi-
ated adhesion of mouse fibroblasts to fibronectin-
induced PIP2 production and increased responsiveness
production by anti-b1 IgG was associated with reducedof cells to PDGF; that is, PDGF was able to induce IP3
proliferation, and this effect appeared to be mediatedproduction in fibroblasts adherent to fibronectin, but not
via PKC. In contrast, rabbit anti-b1 Fab, which partiallyin cells in suspension (with low PIP2 levels), suggesting
inhibited collagen-stimulated DAG production, pro-that PIP2 synthesis is the rate limiting-step in inositol lipid
duced an increase in [3H]-thymidine incorporation.hydrolysis. In GECs, the adhesion to collagen stimulated
PIP2 production, but in contrast to fibroblasts, collagen
also stimulated the production of IP3 and led to the CONCLUSIONS AND PERSPECTIVES
tyrosine phosphorylation of PLC-g1 independently of
Signals from ECM regulate GEC proliferation in aexogenous growth factors. We therefore propose that
positive or negative fashion (Fig. 3). In GECs on colla-adhesion to ECM may lead to both increased synthesis
gen, EGF induces sustained activation of EGF-R, at leastof PIP2, as well as increased hydrolysis caused by relo- in part by decreasing phosphatase activity. This leads tocalization and enhancement of the catalytic activity of
ERK2 activation and proliferation. On plastic, EGF-RPLC-g1.
is rapidly dephosphorylated, and proliferation does not
occur. A signal(s) provided by transfection of a constitu-
INTEGRINS MODULATE GLOMERULAR tively active Ras mutant (V12Ras) was sufficient to sup-
EPITHELIAL CELL PROLIFERATION plant the signal(s) from ECM, but not from growth
factors. Thus, ECM and V12Ras may be activating analo-Activation of PKC by exogenously added phorbol es-
gous downstream pathways, which secondarily facilitateter or cell-permeant DAG reduced growth factor-stimu-
growth factor-induced ERK2 activation and prolifera-lated [3H]-thymidine incorporation in collagen-adherent
tion. On the other hand, collagen, via b1 integrins, stimu-GECs [6, 7]. Moreover, endogenous PKC activation
lates synthesis of PIP2 and activation of PLC-g1, leading(presumably caused by the collagen-mediated increase
to an increase in the production of DAG, a PKC activa-in DAG) also diminished [3H]-thymidine incorporation
tor. This inositol lipid pathway is associated with a reduc-induced by growth factors. Because both anti-b1 Fab
tion in GEC proliferation (Fig. 3).and IgG modulated collagen-mediated DAG production
One can speculate on how the effects of ECM on(discussed earlier in this article), we assessed whether
growth factor receptor signaling might regulate GECanti-b1 integrin antibody would affect proliferation [7].
proliferation in vivo. In normal glomeruli, there is littleRabbit anti-b1 IgG reduced [3H]-thymidine incorpora-
proliferation of GECs, and the interaction of visceraltion by approximately 80%, but in GECs that had been
GECs with the glomerular basement membrane viadepleted of PKC, the inhibitory effect of anti-b1 IgG
was largely abolished. Thus, the enhancement of DAG b1-integrins plays an important role in maintaining glo-
Cybulsky: ECM and cell signaling1246
merular permselectivity and hemodynamics [4, 5]. GEC ACKNOWLEDGMENTS
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REFERENCES
phritis, glomeruli may become infiltrated with inflamma-
1. Ingber DE, Folkman J: How does extracellular matrix controltory cells, for example, macrophages or platelets, which
capillary morphogenesis. Cell 58:803–805, 1989
are sources of epithelial growth factors. The accumula- 2. Ingber DE: The riddle of morphogenesis: A question of solution
chemistry or molecular cell engineering? Cell 75:1249–1252, 1993tion of basement membrane and interstitial collagens
3. Juliano RL, Haskill S: Signal transduction from the extracellularis often evident in glomerulopathies. As a result, the
matrix. J Cell Biol 120:577–585, 1993
concentration of factors that can potentially modulate 4. Salant DJ: The structural biology of glomerular epithelial cells
in proteinuric diseases. Curr Opin Nephrol Hypertens 3:569–574,growth factor receptor activation may increase and may
1994lead to enhanced GEC proliferation. On the other hand,
5. Adler S: Glomerular epithelial cells, in Immunologic Renal Dis-
the proliferation of GECs within crescents may be super- eases, edited by Neilson EG, Couser WG, Philadelphia, New
York, Lippincott-Raven, 1997, pp 655–667seded by glomerular infiltration with interstitial collagen
6. Cybulsky AV, Bonventre JV, Quigg RJ, Wolfe LS, Salant DJ:(leading to fibrosis), at which point proliferation dimin-
Extracellular matrix regulates proliferation and phospholipid turn-
ishes. A potential role of inositol lipid turnover may be over in glomerular epithelial cells. Am J Physiol 259:F326–F337,
1990to provide signals for limiting proliferation in the fibrotic
7. Cybulsky AV, Carbonetto S, Cyr MD, McTavish AJ, Huangphase of glomerulonephritis. Alternatively, the produc-
Q: Extracellular matrix-stimulated phospholipase activation is me-
tion and hydrolysis of inositol lipids may promote differ- diated by b1 integrin. Am J Physiol 264:C323–C332, 1993
8. Cybulsky AV, McTavish AJ, Cyr MD: Extracellular matrix modu-entiated functions of GECs under normal conditions in
lates epidermal growth factor receptor activation in rat glomerularvivo, such as the synthesis of glomerular basement mem-
epithelial cells. J Clin Invest 94:68–78, 1994
brane components and the maintenance of glomerular 9. Malarkey K, Belham CM, Paul A, Graham A, McLees A, Scott
PH, Plevin R: The regulation of tyrosine kinase signalling path-morphology [4, 5]. Signals from basement membrane
ways by growth factor and G-protein-coupled receptors. Biochemcollagen, leading to changes in PIP2, may regulate GEC J 309:361–375, 1995
structure and interaction with the glomerular capillary 10. Lin YC, Grinnell F: Decreased level of PDGF-stimulated recep-
tor autophosphorylation by fibroblasts in mechanically relaxed col-wall by modulating the composition of the cytoskeleton
lagen matrices. J Cell Biol 122:663–672, 1993[13]. Other differentiated functions of GEC may include
11. Cybulsky AV, McTavish AJ: Extracellular matrix is required for
the regulation of glomerular hemodynamics via the pro- MAP kinase activation and proliferation of rat glomerular epithe-
lial cells. Biochem Biophys Res Commun 231:160–166, 1997duction of eicosanoids that act in an autocrine or para-
12. Lin TH, Chen Q, Howe A, Juliano RL: Cell anchorage permitscrine fashion. The synthesis of eicosanoids may be initi-
efficient signal transduction between Ras and its downstream ki-
ated by products of PLC-g1, which lead to phospholipase nases. J Biol Chem 272:8849–8852, 1997
13. Lee SB, Rhee SG: Significance of PIP2 hydrolysis and regulationA2 activation and arachidonate release [7]. Further stud-
of phospholipase C isozymes. Curr Opin Cell Biol 7:183–189, 1995ies into signals from ECM will be required to detail
14. Cybulsky AV, McTavish AJ, Papillon J: Extracellular matrix
more precisely the regulation of GEC proliferation and stimulates production and breakdown of inositol phospholipids.
Am J Physiol 271:F579–F587, 1996pathophysiological consequences of this process.
15. McNamee HP, Ingber DE, Schwartz MA: Adhesion to fibronec-
tin stimulates inositol lipid synthesis and enhances PDGF-induced
inositol lipid breakdown. J Cell Biol 121:673–678, 1993NOTE ADDED IN PROOF
16. Floege J, Kriz W, Schulze M, Susani M, Kerjaschki D, Mooney
A, Couser WG, Koch KM: Basic fibroblast growth factor augmentsCybulsky AV, McTavish AJ, Papillon J, Takano T: Role of extra-
cellular matrix and Ras in regulation of glomerular epithelial cell prolif- podocyte injury and induces glomerulosclerosis in rats with experi-
mental membranous nephropathy. J Clin Invest 96:2809–2819, 1995eration. Am J Pathol 154:899–908, 1999
